Main Text {#sec1}
=========

Chimeric antigen receptor (CAR) T cell therapy is a cellular therapy that redirects a patient's T cells to specifically target and destroy tumor cells. CARs are genetically engineered fusion proteins composed of (1) an antigen recognition domain derived from a monoclonal antibody and (2) intracellular T cell signaling and costimulatory domains.[@bib1], [@bib2], [@bib3], [@bib4], [@bib5] Use of CAR T cells as a treatment for cancer has been most extensively investigated in patients with B cell malignancies, and early results have been encouraging. For example, CAR T cell therapy has demonstrated complete response rates of 69%--90% in pediatric patients with relapsed or refractory acute lymphoblastic leukemia (ALL) in phase 1 trials.[@bib6], [@bib7], [@bib8], [@bib9], [@bib10] The development of CAR T cell therapy has now expanded beyond phase 1 trials and moved into phase 2 multi-site trials ([NCT02435849](ctgov:NCT02435849){#intref0010} and [NCT02228096](ctgov:NCT02228096){#intref0015}), and a major consideration for academic institutions and industry is how to scale out the production of CAR T cells in an efficient, effective manner. Here we describe the process of manufacturing CAR T cells, and we discuss regulatory concerns that must be addressed to successfully produce CAR T cells for larger numbers of patients.

Production of CAR T Cells {#sec1.1}
-------------------------

The production of CAR T cells requires several carefully performed steps, and quality control testing is performed throughout the entire protocol.[@bib11] First, the process involves using leukapheresis to remove blood from the patient's body, separate the leukocytes, and return the remainder of the blood to the circulation.[@bib12] After a sufficient number of leukocytes have been harvested, the leukapheresis product is enriched for T cells ([Figure 1](#fig1){ref-type="fig"}). This process involves washing the cells out of the leukapheresis buffer, which contains anticoagulants.[@bib13] Enrichment of lymphocytes can be accomplished subsequently through counterflow centrifugal elutriation, which separates cells by size and density and maintains cell viability.[@bib14] Separation of T cell subsets at the level of CD4/CD8 composition using specific antibody bead conjugates or markers is an additional step that may be performed.[@bib15]

Purifying autologous antigen-presenting cells (APCs) from the patient to use for T cell activation would require several additional steps, making it labor intensive and difficult to obtain a potent CAR T cell product.[@bib11] For this reason, an approach was developed to activate T cells in a more standardized, efficient manner using, for example, beads coated with anti-CD3/anti-CD28 monoclonal antibodies (Life Technologies). While the use of anti-CD3 antibodies alone or in combination with feeder cells and growth factors, such as IL-2, has been the practice for many years, in comparison to beads coated with anti-CD3/anti-CD28 monoclonal antibodies or cell-based artificial APCs (aAPCs), the activation and ex vivo expansion are suboptimal.[@bib16], [@bib17] The beads, or aAPCs, can be easily removed from the culture through magnetic separation.[@bib18] In the presence of interleukin-2 and aAPCs, T cells can grow logarithmically in a perfusion bioreactor for several weeks.[@bib11], [@bib16], [@bib18], [@bib19], [@bib20] The use of aAPCs derived from the chronic myelogenous leukemia cell line K562, which can be engineered to express the required costimulatory ligands, also has been investigated as a method of expanding T cells ex vivo.[@bib17], [@bib21] Culture conditions may be further refined to polarize T cells to a specific phenotype (i.e., Th2 or Th17) during expansion. Indeed, CAR T cells that were polarized to a Th17 phenotype demonstrated efficacy in a preclinical model, suggesting that T cell polarization is a strategy that may enter the clinic in the future.[@bib22]

During the activation process, the T cells are incubated with the viral vector encoding the CAR, and, after several days, the vector is washed out of the culture by dilution and/or medium exchange. The viral vector uses viral machinery to attach to the patient cells, and, upon entry into the cells, the vector introduces genetic material in the form of RNA.[@bib23] In the case of CAR T cell therapy, this genetic material encodes the CAR. The RNA is reverse-transcribed into DNA and permanently integrates into the genome of the patient cells; therefore, CAR expression is maintained as the cells divide and are grown to large numbers in the bioreactor. The CAR is then transcribed and translated by the patient cells, and the CAR is expressed on the cell surface. Lentiviral vectors, which have a safer integration site profile than gammaretroviral vectors,[@bib24], [@bib25] are commonly used in clinical trials of CAR T cell therapies, including CTL019. Other methods of gene transfer, including the Sleeping Beauty transposon system or mRNA transfection, have been investigated as alternative approaches to express a CAR in T cells.[@bib26], [@bib27] CAR T cells generated using transient mRNA transfection have been used in the clinic; however, this approach requires several rounds of CAR T cell infusion.[@bib28] Furthermore, while the Sleeping Beauty transposon system is considered to be inexpensive and has been tested in early-phase clinical trials, there are still several concerns, including efficiency relative to lentiviral vectors, the unknown potential of insertional mutagenesis, and remobilization of transposons.[@bib29]

Bioreactor culture systems are designed to provide the optimal gas exchange requirements and culture mixing necessary to grow large numbers of cells for clinical use ([Figure 2](#fig2){ref-type="fig"}). The WAVE Bioreactor (now known as the Xuri; GE Healthcare Life Sciences), which utilizes a rocking platform, has been used to expand the CD19-targeted CAR T cell therapy CTL019.[@bib11], [@bib20], [@bib30] Another culture system that can be used is the G-Rex (Wilson Wolf), which has the ability to expand cells from low seeding densities.[@bib31], [@bib32] The G-Rex uses gas-permeable membranes, allowing the flask to be placed directly in a cell culture incubator. One drawback of this system, however, is that the flask must be opened during cell inoculation. The CliniMACS Prodigy (Miltenyi Biotec) is a single device that accomplishes cell preparation, enrichment, activation, transduction, expansion, final formulation, and sampling.[@bib33] This contrasts with other methods, which use separate machines for the cell culture, cell washing, and other steps in the preparation. It was shown recently that the CliniMACs Prodigy is feasible for generating CAR T cells, and this device is expected to be used soon to prepare CAR T cells for clinical trials.[@bib34]

When the cell expansion process is finished, the cell culture, which may reach a volume of up to ≈5 L, must be concentrated to a volume that can be infused into the patient.[@bib11], [@bib18] The washed and concentrated cells are cryopreserved in infusible medium, and, following product release, the frozen cells are transported to and thawed at the center where the patient will be treated. While aspects of cell washing, isolation, and culture are semi-automated, improving the throughput of currently manual parts of processing will be critical for developing CAR T cell therapies that can be used for a wider range of indications and larger populations.

Challenges of Bringing CAR T Cell Therapy to a Global Patient Population {#sec1.2}
------------------------------------------------------------------------

Although protocols for manufacturing clinical-grade CAR T cells have now been established, CAR T cell therapies have been used to treat only a few hundred patients to date. When scaling out this complex manufacturing process to treat more patients in larger trials at an increased number of clinical centers, the process should be carefully evaluated to ensure production efficiency without compromising the integrity and potency of the final product. Because CAR T cells can be used to target several types of cancer, the scale of production for the vector and the CAR T cells also will depend on the incidence of each indication. Additional considerations include generating consistently high-quality vector for predictable genetic modification of cells, understanding the long-term safety of gene therapy, and anticipating global regulatory concerns.

Toward Consistent Cell Processing: Use of the Optimal Vector {#sec1.3}
------------------------------------------------------------

In the United States, the viral vector used to transduce the CAR into T cells is considered a key raw material of the CAR T cell manufacturing process, and the modified T cell is considered the investigational final product, also known as the medicinal product in the European Union. In contrast to the final CAR T cell product, which must be individually generated for each patient, the viral vector encoding the CAR can be made in large quantities and stored at −80°C for 4 years in our experience. Other reports suggest that frozen viral vector stocks are stable for up to 9 years at this temperature.[@bib35], [@bib36] As with the CAR T cell manufacturing process, generation of the vector stocks must take place in Good Manufacturing Practice (GMP) facilities. The sterility of the vector is crucial because the final CAR T cell product cannot be sterilized by filtration; manufacture of the vector under controlled, clean room conditions with minimal open processing and sterile filtration during the final aseptic stages of production, all supported and verified by an array of safety testing, ensures sterility and the absence of packaging cells from the final vector product. In addition, use of a third-generation minimal lentiviral vector, incorporating key safety features, enhances safety.[@bib37], [@bib38]

In our experience, the batch manufacture of viral vector for cellular therapies takes a minimum of 2 weeks. Most of this time is spent growing adequate numbers of cells, such as HEK293T cells, to produce large quantities of replication-defective viral vector.[@bib39] Starting from a cryopreserved aliquot of an appropriate working cell bank, the cells are expanded in culture for several days to the appropriate number for production, allowing considerable expansion from the original number of cells seeded. The cells are then transfected with plasmids that collectively result in the production of the minimal lentiviral vector. These plasmids are typically (1) a Gag/Pol packaging construct that encodes the viral structural proteins (Gag) and enzymes (Pol); (2) a construct encoding a suitable envelope glycoprotein from a heterologous source, resulting in vector particle pseudotyping (e.g., VSV-G); (3) a construct for the expression of viral accessory protein Rev; along with (4) a vector plasmid encoding the CAR construct as well as other sequences required for efficient reverse transcription, RNA packaging, and integration.[@bib40] The vector systems should employ a number of key safety features that collectively prevent the reacquisition of replication competence (e.g., codon-optimized Gag/Pol that minimizes homology between vector components to prevent recombination, self-inactivating long terminal repeat sequences, and removal of all unnecessary sequences and accessory genes).[@bib41], [@bib42], [@bib43] Within 48 hr of transfection, the production cells begin to release CAR-expressing lentiviral vector, which can be collected from the culture medium.[@bib39] Over the course of several days, medium exchange allows for the harvest of multiple batches of vector-containing medium, typically two harvests. After filtration to remove production cells and debris, the viral vector is purified through downstream processing to enrich for the viral vector while removing impurities and to formulate the vector into an appropriate storage buffer. In our experience, the vector may be frozen at this point to allow for the production of multiple sub-batches to make larger quantities of the final vector product for increased economic efficiency. Once the target quantity of vector is available, a further GMP process, involving sterilizing filtration and vialing under aseptic conditions, is performed. Once production is complete, the vector is cryopreserved until later use.

It is important to establish quality control testing for safety, sterility, purity, potency, identity, and titer so that manufacturing centers can be assured that each batch of vector meets defined standards before it is used to transduce T cells.[@bib44] These quality control tests are described in guidance documents written by the U.S. Food and Drug Administration (FDA) and are briefly summarized here. Safety testing, which can involve preclinical experimentation or toxicity studies in animals, aims to determine that the product is safe for humans when administered appropriately. The sterility of the product is tested to ensure that it is free of contaminating microorganisms; in the case of gammaretroviral vectors and lentiviral vectors, assays for replication-competent retroviruses/lentiviruses (RCRs/RCLs) and mycoplasma testing of the cells and media used in the process help determine that the final CAR T cell product is free from adventitious agents and safe for infusion into patients. Impurities in the vector product are broadly tested to (1) verify consistent purification afforded by the vector manufacturing process, and (2) consequently ensure that the quality of the vector is consistent prior to its use in the T cell manufacturing process. Impurity testing includes testing for process-related impurities, such as Benzonase (Merck KGaA; used to degrade and facilitate the removal of DNA) and bovine serum albumin (originating from fetal bovine serum), and it also includes characterization of both residual host cell DNA and residual plasmid DNA. In addition, the T cells are tested for bacterial and fungal contamination from the cell culture process. The potency of the vector product is tested to assess whether it functions as anticipated, and its identity is proven through relevant physical, chemical, or biological tests. For example, the titer of viral vector can be measured by analyzing the percentage of healthy donor cells transduced by predefined MOIs, and this can verify whether a particular batch of vector is expected to optimally transduce patient cells.[@bib39]

In early clinical trials performed at the University of Pennsylvania, multiple vector suppliers were used during the generation of the CD19-targeting therapy CTL019. Using vectors from different suppliers as starting material raises additional questions about the comparability of vector purity, stability, and function. Therefore, it is desirable that a single vector source is used for the generation of CTL019 cells in current and future clinical trials. Additionally, the vector supplier should be able to meet requirements, such as GMP compliance, as well as meet the large production demand. Therefore, our approach was to adopt a lentiviral vector manufacturing process that can meet global health authority requirements and that has the appropriate supporting process validation ([Figure 3](#fig3){ref-type="fig"}). In our experience with lentiviral vector manufactured by Oxford BioMedica (OXB), we found that consistent vector quality minimized site-to-site variation in the subsequent CAR T cell manufacturing process. To provide batches of sufficient size to support clinical and commercial requirements, the process has been designed and optimized to manufacture vector in a series of multiple sub-batches within a given manufacturing campaign spanning several weeks. This approach relies on a purification and formulation step prior to cryopreservation and a subsequent hold period. Once sub-batches have been demonstrated to meet a key subset of specifications for that manufacturing stage, specific sub-batches are selected for filling, and final processing is completed in a single day. The intermediate container closure system (and associated fill volume), GMP processing parameters (freeze/thaw conditions, further aseptic processing conditions, final container, etc.), and the formulation buffer have all been selected to ensure that any loss in titer is minimal and so that the resultant filled product meets target specifications and performs consistently and robustly in the T cell manufacturing process. In addition, the hold stage is supported by a stability testing program, which shows that vector titer is stable in storage for an extended period.

The transduction efficiency of the OXB CTL019 vector was examined in a two-site study, and consistent, dose-dependent transduction efficiency was observed at both sites (unpublished data). This study also provided an understanding of the variability in transduction efficiency among healthy donors, which provides a meaningful baseline to which we can compare patient data. The data demonstrated that the OXB vector can be used with equivalent performance across donors and manufacturing sites. These qualities are both desirable and necessary when choosing a vector that can be produced and used at large scale, and they reduce the risk in process validation.

Optimizing the vector for CAR T cell transduction before beginning large-scale manufacturing reduces variability and maximizes efficiency. The scale of vector production ultimately needs to take into account the potential size of the patient population on an indication-by-indication basis. On this basis, our strategy is to focus current clinical supply, as well as initial commercial supply, on current and well-established production platforms, while investing in the development of next-generation production processes that will provide an equivalent quality of functional vector on a significantly larger scale. The most common vectors used in CAR T cell manufacturing are replication-defective vector systems based on two types of retroviruses: gammaretroviruses and lentiviruses. Both gammaretroviruses and lentiviruses deliver RNA that is reverse-transcribed into DNA in the target cell; this DNA, which encodes the CAR construct, then integrates into the host genome via a process catalyzed by the vector integrase enzyme and several key sequences within the vector construct.[@bib23] An additional advantage of lentiviral-derived vectors is that they retain the ability of lentiviruses to infect non-dividing cells, thus increasing their ability to transduce a wide variety of cells, including quiescent and difficult-to-transduce cells.[@bib45] However, as described previously, T cell activation is required for increased transduction efficiency, and the lentiviral vector is introduced during cell activation.[@bib11]

Insertional mutagenesis caused by the integration of vector DNA into host cells near an oncogene is a potential concern with all integrating vectors.[@bib46], [@bib47] However, lentiviral integration patterns favor sites away from cellular promoters, while gammaretroviral integration more frequently occurs near transcriptional start sites, suggesting that lentiviral vectors may carry a lower risk of mutagenesis.[@bib45] Risk for insertional mutagenesis also appears to be dependent on factors other than the vector system, such as the transgene that is encoded, the promoter, and the cell type or disease that is targeted. CAR T cell viral vector-mediated oncogenicity has not been observed in patients treated with CAR T cells in our experience nor in a decade-long study.[@bib48] Oncogenic potential may be increased if RCRs/RCLs are present in the vector products; however, current vector designs make the generation of RCRs/RCLs highly unlikely.[@bib49] The FDA 2006 guidance considers lentiviral and retroviral vectors to be potentially oncogenic; therefore, vectors used in the clinic for CAR T cell therapy are carefully tested for RCRs/RCLs. In addition to testing for RCRs at multiple stages throughout the vector manufacturing process and the vector-modified cell product, the FDA also recommends that patients be followed for RCRs/RCLs for up to 15 years to monitor any potential delayed adverse event related to these vectors.[@bib50]

Investigating the Long-Term Safety of Viral Vectors Requires Patient Follow-up {#sec1.4}
------------------------------------------------------------------------------

Evaluating the long-term safety of using viral vectors for cell and gene therapies will require extensive follow-up. As mentioned above, health authority guidelines also require long-term follow-up of studies using viral vectors; however, requirements may differ depending on the individual countries involved. For example, a United States (USA) trial has been developed to monitor patients who received the CD19 CAR T cell therapy CTL019 for 15 years after treatment ([NCT02445222](ctgov:NCT02445222){#intref0020}). This study will include patients of any age who have been treated with CTL019 for any B cell malignancy. The primary objective of this follow-up study is to describe delayed adverse events suspected to be related to CD19 CAR T cell therapy, such as the development of new malignancies, incidence or exacerbation of a preexisting neurologic or autoimmune disorder, or new incidence of a hematologic disorder. The secondary objectives of this study are monitoring the persistence of the CTL019 cells in peripheral blood and the long-term efficacy of the therapy. The persistence of CTL019 cells will be examined by using qPCR to detect the CD19 CAR transgene at specified time points. Additionally, the proportion of patients who relapse or experience disease progression will be monitored, as well as the incidence of patient death from any cause. Because the effects of persistent CAR T cells on pregnancy are unknown, reproductive health and pregnancy outcomes also will be followed in female patients who were treated with CAR T cells. Thus, the careful design and manufacture of viral vectors for CAR T cell therapy to maximize safety, along with quality and safety testing and long-term patient follow-up, ensure that patient safety is the top priority.

Ensuring Quality of Product in Moving from a Single Institution to a Multi-site, Large-Scale Manufacturing Process {#sec1.5}
------------------------------------------------------------------------------------------------------------------

A major challenge with scaling out the production of CAR T cell therapies is the transition from a flexible process at a single academic institution to a highly controlled process that can be implemented across many collection, manufacturing, and treatment sites ([Figure 4](#fig4){ref-type="fig"}). Therefore, effective coordination among the collection, manufacturing, and treatment sites involved is crucial to ensure that the material is handled correctly and patients are appropriately scheduled throughout the therapeutic process. Success in developing a global manufacturing process of CAR T cells will be driven by a robust understanding of both the product and the process in order to establish the target product profile and critical quality attributes. For CTL019, the target product profile includes those qualities already discussed: target-specific, highly potent T cells that are capable of robust expansion and long-term persistence in vivo. Using this product profile, critical quality attributes were explored. Cell number, transduction efficiency, growth rate, cellular phenotype, and functional analysis are all critical quality attributes of CTL019 that are well understood and controlled. Cellular phenotype includes measures such as T cell subset distribution (helper or cytotoxic, effector or memory, etc.) and functionality (cell killing, cytokine release, proliferative capacity, exhaustion, apoptosis, etc.). These critical quality attributes will be coordinated with process understanding to develop a consistent manufacturing process and control strategy that will ensure a uniform product. Examples include the percentage of CD3+ T cells in the product and measurement of potency. However, it is to be noted that values for CAR positivity, viability, phenotype, and potency will vary from product to product. As more experience is gained and these data begin to be made public, fair comparisons on the utility and appropriate ranges may be assessed.[@bib51], [@bib52]

Vendor agreements, such as our agreement with OXB described previously, are critical for maintaining a controlled manufacturing process. In the case of CAR T cell therapy, product comparability has the additional challenge that variability between patient apheresis starting materials is likely to contribute much greater differences than factors related to the manufacturing site. Therefore, we have controlled our processes for CTL019 manufacturing and vector production so that we minimize variability related to the manufacturing process.

Meeting Global Regulatory Expectations for Successful Implementation of CAR T Cell Therapies {#sec1.6}
--------------------------------------------------------------------------------------------

Early results of CAR T cell therapy suggest significant patient benefit, and, thus, this therapy has the potential for clinical success, which could lead to greater global regulatory collaboration and harmonization. The patient benefit offered by CAR T cell therapies provides a promising opportunity to create a common ground between different regulatory authorities and improve international cooperation. Ensuring regulatory compliance is a critical factor for the successful development of this novel therapeutic approach, and this will be an interesting challenge in a global environment. The FDA has been regulating cell and gene therapies for many years and has developed a number of guidance documents regarding these products. However, these guidance documents are not harmonized with other countries or regions. In addition, each major country has a slightly different focus as they review clinical trial applications. For example, European Union (EU) countries require cGMP compliance as determined by a qualified person, while the United States assesses cGMP compliance through a paper review. Therefore, the more countries that are involved in clinical trials, the more robust the manufacturing process will need to be to meet all of the questions and regulatory requirements. To bring harmonization in the emerging area of cell and gene therapies, on October 11, 2012, nine members of the global regulatory community, including Brazil ANVISA; European Medicines Agency (EMA); Health Canada; India National Institute of Biologicals (NIB); Japan Ministry of Health, Welfare and Labour/Pharmaceutical and Medical Devices Agency; South Korea Ministry of Food and Drug Safety (previously known as Food and Drug Administration \[KFDA\]); Singapore Health Sciences Authority (HSA); Swissmedic; and the U.S. Food and Drug Administration, convened to form an integrated group with a goal to discuss best practices in the regulation of cell/gene-based therapies and support harmonization (<https://www.i-p-r-f.org/en/working-groups/gene-therapy-working-group/>).

CAR T cell developers should have a thorough understanding of this diverse regulatory landscape. Until harmonized regulations are established and there is common experience among regions, we can expect a significant level of uncertainty in product development and a greater reliance on subjective judgment by the regulators. Exemplifying this challenge are the different requirements associated with manufacturing that exist among regions. For example, donor screening and testing, traceability and labeling, patient confidentiality, and apheresis requirements can vary widely among countries. This is particularly challenging if the donor starting material and final product are shipped across international borders. Another example is that the definitions of the materials used (i.e., the starting or raw material) and the requirements for quality control of these materials vary across regions. Balancing different country requirements with starting material quality requirements can be challenging, but it is crucial for multi-national trials. Therefore, the origin, traceability, composition, and certification of each reagent must be readily accessible. Lastly, as each region has unique documents and recommendations related to materials used in cell and gene therapy manufacturing, the requirements for the human or animal serum used for cell culture differ among global regions. Thus, to address some of these regulatory concerns, we are establishing protocols for CAR T cell manufacturing using reagents that comply with the quality requirements for major global regions (e.g., using the same international supplier across global regions).

Additional Areas of Active Investigation in the Development and Manufacturing of CAR T Cell Therapy {#sec1.7}
---------------------------------------------------------------------------------------------------

There are several preclinical areas of investigation designed to improve CAR T cell therapies and provide benefit to a larger patient population. One aspect under investigation is the subtype of T cells used for CAR T cell therapy. The starting cell population used for many CAR T cell therapies consists of CD4^+^ and CD8^+^ T cells at the ratio present in the peripheral blood of the patient. However, the use of a fixed 1:1 ratio of CD4^+^:CD8^+^ CAR T cells in patients with ALL and non-Hodgkin lymphoma has been investigated.[@bib53] If the ratio of T cell subsets becomes an important factor in CAR T cell therapy, manufacturing protocols may need to be altered to include the extra purification steps necessary to administer CAR T cells in a fixed subset ratio.

Other areas of consideration for the future of manufacturing a CAR T cell therapy include mitigating possible adverse events, both short and long term. For example, one adverse effect related to CAR T cell therapy is severe cytokine release syndrome (CRS), which occurs in a minority of patients. CRS is caused by the release of proinflammatory cytokines directly from the CAR T cells and dying tumor cells. Although most cases of CRS are manageable with established treatment algorithms,[@bib54] it has been speculated that mechanisms to inactivate CAR T cells in patients experiencing adverse effects could be useful to improve the safety of CAR T cell therapy. Using a suicide switch incorporated into the CAR construct is a strategy that is currently being investigated as a potential way to specifically deplete CAR T cells in a controlled manner, and it may become important as CAR T cell therapy is investigated in an ever-growing clinical population.[@bib55], [@bib56] For example, the iCasp9 safety switch has been effectively used to reduce graft-versus-host disease (GVHD) in patients receiving allogeneic stem cell transplant.[@bib57] However, depletion of CAR T cells also may abrogate the potential benefit of long-term CAR T cell-mediated tumor surveillance.

Another method of potentially increasing the safety of CAR T cell therapy involves improving the specificity of the modified T cells. This approach may be especially important for CAR T cells targeting solid tumors, which often do not have antigens uniquely expressed on the tumor. A preclinical study showed that CAR T cells could be used to target tumors expressing two antigens, PSCA and PSMA; the CAR T cells did not kill tumor cells expressing only one of these antigens.[@bib58] Combinatorial antigen recognition strategies may, therefore, be important to consider when designing CARs for the treatment of solid tumors. In our experience, CRS has not yet been observed in clinical trials using CAR T cells to target solid tumors, perhaps because fewer tumor cells are rapidly killed at once due to the solid tumor mass.

An additional strategy under investigation is the use of allogeneic off-the-shelf CAR T cells. This platform uses genome editing to inactivate the endogenous *TCRα* gene, which limits the ability of the allogeneic cells to cause GVHD.[@bib59], [@bib60] Off-the-shelf CAR T cells have shown efficacy in lymphoma xenograft models; but, although there is a report of compassionate use in one patient, the results of controlled clinical trial use have not yet been reported.[@bib59], [@bib61]

How the quality of the patient cells used for CAR transduction affects the efficacy of the final CAR T cell product also should be more thoroughly investigated. It has been shown recently that the reduction of an exhausted T cell phenotype is associated with improved CAR T cell efficacy.[@bib62] Therefore, the choice of CAR-signaling domains, selection of cell subsets, and adjustment of cell culture conditions to decrease the percentage of cells that become exhausted during the transduction and expansion processes may be critical to generate the highest-quality CAR T cell product.

Conclusions {#sec1.8}
-----------

Given the success of CAR T cells in treating patients in the United States with B cell malignancies, scaling out CAR T cell manufacturing capacity will allow examination of the safety and efficacy of CAR T cell therapies in larger cohorts of patients around the globe. However, a number of manufacturing and regulatory challenges need to be considered when attempting to bring a cellular therapy with a complex manufacturing process to a larger, international patient population. We are currently manufacturing the CD19 CAR T cell therapy CTL019 in a way that will streamline the process of using the therapy globally. To accomplish this, we have established robust collaborations with academic institutions and vendors to thoroughly investigate both the product and process to ensure that our materials are controlled to maintain high quality. Anticipating regulatory and manufacturing issues before they arise and proactively addressing these concerns help expedite the process of bringing this promising therapeutic approach to more patients.
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![Leukapheresis and T Cell Isolation\
After a sufficient number of leukocytes have been harvested from the patient's blood via leukapheresis, the anticoagulants in the leukapheresis buffer are washed out of the product and the cells are concentrated by counterflow centrifugal elutriation, which separates cells by size and density. ^a^Haemonetics Corporation.](gr1){#fig1}

![T Cell Culture and Transduction\
The T cells are activated using aAPCs, transduced with the CAR-encoding viral vector, and expanded to large numbers in a bioreactor. After expansion, the cells are washed, concentrated, and cryopreserved. aAPC, artificial antigen-presenting cell; CAR, chimeric antigen receptor. ^a^GE Healthcare Life Sciences. ^b^Haemonetics Corporation.](gr2){#fig2}

![The Lentiviral Vector Manufactured by Oxford BioMedica Ltd. Undergoes Several Rounds of Filtration and Testing to Ensure that a High-Quality Product with Minimal Variability Is Produced\
The process has been designed and optimized to manufacture vector in a series of multiple sub-batches. This approach relies on a purification and formulation step prior to cryopreservation and a subsequent hold at ≤−70°C. Specific sub-batches are then selected for final aseptic processing, which is completed in a single day. QA, quality assurance; QC, quality control; QP, qualified person. ^a^Merck KGaA.](gr3){#fig3}

![Transition to Commercial Manufacturing\
As CAR T cell therapies transition from flexible processes at single academic institutions to highly controlled processes that can be implemented across many collection, manufacturing, and treatment sites, the coordination among these sites will be crucial to ensure that the material is handled correctly and patients are scheduled appropriately.](gr4){#fig4}
